ATTACHMENTS TO SUPPLEMENTAL RESPONSE: 



1 . Hammer et al., "Production of transgenic rabbits; sheep and pigs by micro-injection. 
Nature. 31 5(602 1):680-683 (1985); 

2. Knight et al., "Transgenic rabbis with lymphocytic leukemia induced by the c-myc 
oncogene fused with the immunoglobulin heavy chain enhancer," PNAS USA. 
85:3130-3134(1988); 

3. Vize et al., "Introduction of a porcine growth hormone fusion gene into transgenic 
pigs promotes growth," J. Cell. Sci.. 90 (Pt 2):295-300 (1988); and 

4. Mullins et al., "Fulminant hypertension in transgenic rats harbouring the mouse 
Ren-2 gene," Nature. 344(6266):54 1-544 (1990). 



lETTERSTONATURE 



NATURt: VOL. 315 20 JUNE 1W5 



8 

UJ 

m 



I 

UJ 




Fig. 2 Intracellular recordings from salivary 
gland cells of H. ghilianii a. fa, Action poten- 
tials, which may exceed 90 mV, are initiated by 
depolarizing current (a) and also following 
hyperpolarization by inward current (6: lOO-ms 
pulses were applied). c.A hyperpolarizing cur- 
rent pulse in one salivary cell (lower trace) 
produces rebound excitation but there is no 
sign of electrical responses in an adjacent cell, 
recorded simultaneously at high gain on the 
upper trace. Experiments of this type indicate 
that the gland cells are not electrically coupled. 
4-/ Effect of S mM Co^**" added to the bathing 
solution, Control impulse in response to 
depolarizing current; 5 min after addition of 
C0CI2 the action potential is abolished (a 
delayed rectification is apparent): / recovery. 
This indicates that Ca^^ is the major current 
carrier for generation of action potentials, g. 
Brief application of 10"* M serotonin produces 
a depolarization and increase in membrane 
conductance (indicated by reduction in ampli- 
tude of constant-current hyperpolarizing 
pulses). Voltage scales (vertical bars), 25 mV 
(1 mV in <; upper trace); time scales (horizontal 
bars), 2 s. 

The natural stimulus for action potential generation, whether 
neural and/ or hormonal, is unknown. Several putative neuro- 
transmitters, however, (dopamine, serotonin and acetylcholine) 
were found to depolarize the gland cells, with an accompanying 
decrease in membrane resistance (Fig. 2g) and occasionally the 
production of no more than four impulses. Interestingly, in the 
presence of dopamine, applied depolarizing current was some- 
times found to produce repetitive firing which was not simply 
a consequence of the depolarization produced by the drug. If 
the impulse provides a trigger for secretion, it seems unusual 
that the cells are normally so difficult to activate. Feeding, 
however, occurs very infrequently (every few months) and an 
aaion such as that of dopamine may mimic a natural process 
of bringing the gland into secreting condition. 

In mammals, salivary and other exocrine gland cells are 
electrically inexcitable, producing graded potential changes 
(often hyperpolarizations) which may or may not be related to 
secretory function'^ The //. ghilianii salivary cells are similar 
in their electrical excitability to mammalian endocrine cells such 
as those in the pancreas", adenohypophysis'^ and adrenal 
gland'^ (some molluscan exocrine glands produce action poten- 
tials*^). This similarity extends to the anode-break excitation^ 
shown by chromaffin'^ and anterior pituitary cells". 

We have also found the H.'ghiiianii salivary gland to be 
suitable for molecular genetics because the cells have a very 
large ramifying nucleus that displays gene amplification of - 10* 
times; this should allow precise questions to be asked about the 
relationship between secretion and transcription/ translation of 
identified genes. Thus, the H. ghilianii salivary gland, with its 
unusual combination of properties, represents a simple, access- 
ible preparation with distinct experimental advantages for cel- 
lular studies of glandular secretion. 

This specialized leech has been generally unavailable because 
in its natural habitat it is restricted to Amazonia. We have 
developed techniques for breeding this species and a facility 
has been set up by Biopharm to supply hementin to interested 
researchers. 
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Direct microinjection has been used to introduce foreign DNA 
into a number of terminally differentiated cell types as well as 
embryos of several species including sea urchin\ €UmiJida ^egans\ 
Xenopus^^ Drasophlla^ and mice^". Various genes have been 
soccessfolly introdnoed into mice including constructs consisting 
of the mouse metallothionein-I (MT) promoter/regulator region 
fused to either the rat or human growth hormone (hGH) structural 
genes. Transgenic mice harbouring such genes commonly exhibit 
high, metal-inducible levels of the fusion messenger RNA in several 
organs, substantial quantities of the foieign growth hormone In 
serum and enhanced growth'^*^ In addition, the gene Is stably 
Incorporated hito the germ line, making the phenotype heritable. 
Because of the scientific importance and potential economic value 
of transgenic livestock ONitalning foreign genes, we Initiated 
studies on large animals by microlnjecting the fusion gene, MT- 
hGH^\ Into the pronuclei or nuclei of eggs from superovulated 
rabbits, sheep and pigs. We report here Integration of the gene In 
all three species and expression of the gene In transgenic rabbits 
and pigs. 

Studies with mouse ova indicated that integration of a gene 
into host chromosomes is much more efficient with nuclear than 
with cytopla mic injection*^. On this basis, we reasoned that 
nuclear injection would be an appropriate first approach with 
other species. The first r>rohlem encountered was visualization 




Fig. 1 Intefference<ontrai5t phbtoihicrbgra^^ of one-cell fertil- 
ized ova from rabbit (o), sheep (6) and ptg (c) following microin- 
jection. Ova are held by a blunt holding pipette (diameter -50 |tm) : 
an injecting pipette (diameter --1.5 M-m) has penetrated the zona 
pellucida, plasma membrane and pronuclear envelope. The tip is 
seen within the nucleoplasm immediately following injection of 
buffer conuining DNA. The porcine ova (c) has been centrifuged 
at 15,000^ for 3 min to reveal the normally obscure pronuclei ^^ 
Visualization of nuclear structures is aided by the use of interfer- 
ence-contrast optics, and microinjection is carried out under x 250 
magnification using a Leitz microinjecting apparatus'°*'^ Injection 
was monitored by observing the diameter of the pronuclus or 
nucleus, which was expanded --50%. 

of the pronuclei or nuclei in the ova. Rabbit nuclear structures 
are readily seen (Rg. la). However, pronuclei and nuclei in 
sheep ova are difficult to locate and can only be seen by fluores- 
cent microscopy using DNA specific fluorochromes (Hoechst, 
33258) or by interference contrast (IC) microscopy (Fig. \b). 
The combination of stain and ultraviolet light is damaging to 
the ovum (data not shown), so we used IC microscopy for 
microinjection. Fluorescent analysis indicated that IC micros- 
copy is an effective method for pronuclear localization in 
approximately 80% of fertilized sheep eggs. Fig ova are opaque 
and no nuclear structures can be seen even with IC microscopy, 
but we found that centrifugation of pig ova at IS^OOOg for 3 mtn 
stratifies the cytoplasm (Fig. Ic), leaving the pronuclei or nuclei 
visible*^. 

Once the nuclei could be visualized, microinjection was per- 
formed as described prev^ously'^*'^ A few bundled copies of a 
2.6 kllobase (kb) linear fragment containing the MT-AGH gene 
(see Rg. 2) were injected. Approximately 5«000 ova were injected 
and subsequently transferred to foster animals: about 500 of 
these resulted in fetuses or neonates (Table 1 1. The frequency 



" ^of-MT'CH integration was similar in the rabbit (12 J%| and 
;Bthe pig?^( n;0%) andjlow in sheep (1J%K These integnuon 
i^^eflldencies:are probably accurate for the teilin^iie» bci^ used 
be^ on a large number of ioii^^ 

rlasoi^ the Jowir ^integnuion (irequency Jn fhes^ >pedes 
cbm|»^^ the nibuse where it is -^27% are unlwbwu b^ 
couldlb^related toffiiictors such as tht^caountntiM 
buffer ^bc^ of the ovum and the ftructiiine^df the 

chromosoiniM'^* 

TKrhiimber of copies of the MT^hGH gene that integrated 
wiisfcitimated by quantitative dot hybridization. /Figure 2d 
shows vthe ^quantitation method as applied to transgenic pijgs. 
Gene;copy' numbers ranged from I to490c<^iics peroell (TsMe 
2). The^DNA frdm|some of the transgenic animak^im>lso 
analysed ,l>y restriction enzyme digestion of thte'duroim^dnial 
DNAvfollowed by ajgarose gel electro|Aorestf and Southern 
blotting. Figure 2a shows the results obtained «irhett:tfae:DNA 
was restricted with EcoRI, an enzyme that cuts dnbe witUn the 
injected DNA. The probe detects two prominent bands in seveial 
rabbits arid pigs. One band is dose to the length of the injected 
DNA fragment (2.6 kb) and probably represents a tandem« 
head-to-tail array of the MT^hGH genes as is Qrpicaily observed 
in transgenic mice'^*'^ The other band is appioximatdy twice 
thai length and might represent a head-to-head dimer* but fur- 
ther analysis will be required to test that possibility. When the 
DNA was restricted with Ssll (Fig. 2A), an enzyme that cuts 
twice within the injected DNA« two bands of the expected size 
were observed in all of the pigs and rabbits. Analysis of the 
sheep sample with £a>RI (not shown) and Ssil (Fig. 2c) 
revealed bands that were inconsistent with an intact MT-^hGH 
gene, suggesting that the DNA had been trimmed or rearranged 
prior to integration. 

Expression of the integrated genes was examined by quantital- 
ing MT'hCH mRNA by solution hybridization (Table 2). Onfy 
4 of 16 rabbits analysed had any detectable MT-hGH mRNA 
in the liver, but the level was substantial in one of these. In 
mice, the frequency of expression of this gene is close to 70% 
(rcf. 13). In pigs, mRNA levels were measured only in tail or 
ear samples because we did not want to risk adverse consequen- 
ces of liver biopsy. Although tail and ear tissues are not primary 
sites of MT gene expressioq, we detected low levels of MT-hGH 
mRNA in several of the transgenic pigs (Table 2). 

Plasma samples taken from pigs at birth and --1 month later 
were analysed for hGH by radioimmunoassay. At birth, II of 
18 pigs had detectable levels of hGH, ranging between 2 and 
730 ng mP ' (Table 2). One month later, hOH exceeded 300 ng 
mP ' in three pigs. One rabbit ahM> had a high level of hGH. 
Serum hGH as high as 64,000 ng ml"' has been detected in 
transgenic mice, but accelerated growth rate was observed at 
levels of 20 to 80 ng mr ' (lef. 13). None of these animals were 
exposed to high levels of zinc, a treatment that has been shown 
to activate MT-hGH gene expression -lO^fold in mice". 

The effects of hGH on the growth of rabbits cannot be evalu- 
ated at present because only one live rabbit had detectable serum 
hGH and unfortunately it had malocdusion that impaired nor- 
mal food consumption. Early Indications arc that the levels of 
hGH found in these transgenic pigs do not increase body weight 
dramatically. This may not be surprising considering that daily 
injections of bacterially synthesized hGH had no effea**, and 
exogenous, highly purified pordne GH only stimulated growth 
by 10% when delivered during the major growth phase of the 
pig' . Transgenic offspring and linermaie controls will need to 
be raised on normal and zinc-supplemented diets to detemine 
predsely the effects of hGH on growth rate and other nutritional 
as well as endocrine parameters. 

These experiments demonstrate that foreign genes can be 
introduced into several large animal spedes by microinjection 
of ova. Furthermore, expression of MT-hGH was obuined in 
rabbits and pigs. We used a fusion gene that has woriced well 
in mice to demonstrate the feasibility of such techniques, and 
we are now trying several modifications in an effort to improve 
the level of expression and physiologtcal response. 
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.-^l^^^^-^^S^'Sl^^^^^H^^ Bciwttet) thai retaine<| the DNVloitl number of Mlmls rcwOlM^ fiM k^tttfd 

Si •^i^Y^. ^ * «f ^fc^^* leuiiicd.DNA: In ai fite tbit rtndwcdr204 fefiilir^ conlr^ ova iraiKfmfvl 

ikK^ ^ »ni«lad ova iotw»tt«^»^^ to maintain pfcgnancy. If iurvTval of injected cfgf to fctufei (16A%) w» fMlar for boA 

fS^^^'^^^S^^f^^^'^^f^ ^^2?IS^1?«'LpW«» produced. 15 of which retained iiuMted DNA. We combined Che data from dir two poopa to 
?^""55^?*?^5?^' ^JK^^ » ^ EW$?lo^ f«t»»et or neonates containing MT-hGH mRNA or plasma bCH per total oomber of animals 

* ?w^^;l«f^^bWt>w^^ from^lhe^ovid Jets of>pefpvulated New Zealand White ( NZW) females 19 h after matinf For miooinjectioD die ovs 

BMOC cultuft medium" with the NaHCO^ lepUmd by 25 mM HEPES*^ and corned by 
a^mej^Mior^^ (1.857 one-cell and 50 two^cell) was perfonned as described for mouse ova«"-»*. Foltowiog injection, the ova were washed in 

~ ll^UBbooincl^ewes vm^siipmvulMMl^^ exi^ilin^ at^l^ one piior oestnis period: On about day 10 of the oestrous cyde. pioicstaieii-inpfcgnaiad vasinai 
spootnj^a^^yitl7a-]^ox3^^ 60 mg; fnm^^^J/Uuderdale, Upjohn) were inserted and left for 12 days. Gonadotropin trcatmcm (pordoe foiUcle 

^"■'■'^S ??^^y*''>«^«'»P<W renwval and was continued twice daily (2.5 mg per injection, intramuscular) initil the day foOowing fpoofle 

venov^.-Attheonsctof oomis. ewes were either hand mated to fertile rams or inseminated in utero with 02m] per horn of washed ram semen: 72h after spooge 
I^!*X**^"^^iS5Si^®y* ^^"^ ^ surgically collected from the reproductive tracts of anaesthetized ewes by flushing 6 ml Ham*s F-IO mediom 

(fCS) from thejutero-tubal junction through the cannulated infundibuUr end of each oviduct. The flushings were 
f'S^^S^S?'-^^^^ Ham's F-tO containing 10% FCS and transported (-3 <h> 

*JV^^^ (641 one-cdl, 375 twiH:ell and 16 four^elU was performed as previously describcd*^ '^ 

Embryos were aspirated iiito a glass micropipet tip widi lOul Haofk F-IO and expelled 
*3ffi!!5?i5*«:fi™nat«*^w^ ewes. To assess the effects of transport and microiri|eaion of DMA on egg dcvdopmeia. a 

"™JL?ll^?^ 'i?^ ^ ^'^^^^^ followiiig transfer. |n recipients in whidi eggs were recovered, 26% of transported, uninjeded 

•nJUWfc^rfmjcrt^^ blastocysts: Be<»use of the high mortality of transported, iiijected eggs and the concern of multipie biSiOor 6 ci^os 

wcre;iransierico'per:reapienL vK* -. ■ .r.::v-..i-....p- ■ ' 

* of ovuiaUon. gilts wefe aoacstbetized and ooeoeU fertUizcd 

^^^^^^^^^^^^,^,ii^!^Tl^P^ ^ ttanspoited to PhiUdelphia. Micoinjectioa of embiyos (316 one-cdl. and I.7I9 

f^^^^ ^^^"^ obscured pronuctei or nucM or one- and tvjxell |iis ova were visible after cenirifugalion for 3 min at 1 $.000 g. 
SSSS^Z^*^/^ "^^^^^ ""^^"^^^ <«««to|»inei*". Alter embiyos were iiuected. they w^tiansported to Beteri^fe 

^^^^^^^a^jL'^T^ff"^^ described". To assess the effects of tninsport «id ntool^jectlonf.DNA ««,,, dev^ red^ 
^^S^^^^^^^^'^H^^^^ '^^ fol owing tnmsfer. Appmximately 52% of transpoiled. ynli4ec^«>d 23% of itA pi» ««s de^elo^^ to 
Masiocjfsts. Tbe pregnancy rate in Kppients bearing only injected eggs was S0% while in reeipientt bearing bodi injected and contiol egf»« far^d. 



Table 2 Characteristics of transgenic rabbiu. sheep and irigs 



Annnal Gene copy *CH mRNA *sayable Animal Gene copy WJHmRNA assayable 

Species <"°,„P«^ <«^!S^« /OH,, . . -no (no. pe? (»olec«l« hcS 

2» 0 Kg 100-3' 4 0 ND 



64-29 18 0 

«8-3t 28 39 ND 

68-49 24 0 



122 99 77 « 3-6<J 490 53 17 

SI9 I n 10-49 23 0 Neg. 
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179-19 16 0 
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total niKieic acids frem a piece of tSSo^. neo«Ml «»^ uH^SmL»!Ld^!,SmS^ ™ of forngn fusion genes per cell was estimated by extracting 

St2?«ri^*;;^i:.^-.:2jiSHi9r^ 
:s.-:is?.s!^by"^^^ 

one wen* «fag^the«, pig, were atonei^e for hOR ND. not determli«d:»teg. negative f«^ « W'M'wweAsiinMednililwe tor hORAl about 

The kqr element in our sutxess was the ability to visualize necessary becauge the onaeitv aT tii* mh.^ Ai.u 
proottdci and nuclei. Microinjection of the MT-hGH gene into ^^n^A^J^^!^^^^ Although 
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ilf.) AnalysU of MT-J^GN DNA intro- 
^ lato mUum ptgk and sheep. The diagram 
at Ihe b(moni shows the 2.6-kb AsiEll/froRl 
DNA f^mem isolated firom MT^hGH gene 
plasmid 111 that was mtcroinjected'^; the 
mouse MT«I promoter region is dashed, the 
kCH gene is solid, with the exons indicated as 
boxes, and the residual pBR322 sequences are 
dotted. Ihe internal Aw II fragment was iso- 
lated, nick-translated and used as a probe for 
quantitation of genes and Southern blots. 
Panels a. b and c: DNA (5 for controls and 
transgenic animals 200-3, 16-8 and 693-1: t i&g 
mixed with 4 i&g of control DNA for 68-3, 221-1 
and 7-3) were digested with the indicated 
restriction enzymes (10 units, 6h), electro- 
phoresed on a 1% agarose gel, transferred 
to nitrocellulose and hybridized with the nick- 
tranclaled probe, washed and autoradio- 
graphed as described previbusly'^. a and 6, 
Exposure was 4.Sh; c, 24 h. For quantitation 
of gene copy number, 5 ^g of DNA was spotted 
in duplicate onto nitrocellulose along with stan- 
dards of 0, 0.5, 1, 2 and 5 |ig of human DNA 
mixed with control DNA to make a total of 
5 iJLg. d Shows the visualization MT-hGH gene copy number in transgenic pigs. After exposure, the spots were cut out and the radioactivity 
determined in a scintillation counter. Gene copy numbers were calculated from the standards assuming that the genome size of pigs and 
humans are comparable and that diploid human cells contain 10 genes homologous to the Pmll fragment used as probe''. The results are 
shown in Table 2. 
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that these two techniques can be used for ova of other species; 
for example, IC microscopy allowed visualization of pronuclei 
in goat ova (unpublished observations) and centrifugation 
allowed localization of pronuclei in cow ova'^. Although 
improvements in integration efficiency should be possible, the 
tedmiques have immediate application for both scientific and 
practical purposes. 
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HaemophUia R, or Chrbbnas disease^ is aa iahetitcd X-chnMno- 
some-linfced bleeding disorder isiised by a defect ia clotty 
DC and occurs ia abonl llB J0»000 laaks hi the Uaitcd Ki^dow'. 
InjectioB of factor IX coMMtrate obtatecd ffnn blood 
allows most patieats to be sneccssf al|y onaagcd* However, I 
Hi imparities ia tfae factor IX coaccatiale prascatiy la 
~ ivolves soaie risk of btfectkm by Uood-bom 
hA« bob*B hepatitis aad the viras ca(Bsi^_ 
. . {ASDSf. Becane of the 

about the iacreaslBg iacideace of AIDS 

haemophiliacs, a factor DC preparatioB derhcd from a soaice other 
than Mood Is desirable. Here, we reptnt that after latrodoctfoa ^ 
horoan factor IX DNA chmes' faito a rat hepatoam celi Uae osi^ 
recombinaat DNA methods, we were able to isolate small amooats 
of biologically active hamaa factor DL 

Factor IX is a plasma glycoprotein which has an essential 
role in the middle phase of the intfinsic clotting pathway^ wheie, 
in an activated foim, IXa, it interacts with factor VIII, phos- 
pholipid and calcium ions to form a complex that converts factor 
X to Xa. Factor IX is synthesized in liver hepatocytes where it 
undergoes three distina types of post-translational modification 
before secretion into the bloodstream as a 415-amino-acid-long, 
highly modified protein. These modifications are the vitamin 
K-depeadent y-carboxylation of 12 glutamic add ^esidues^ the 
addition of several carbohydrate residues^ and the ^-hydroxyla- 
tion of a single aspartic acid residoc\ Hie first two modifications 
are known to be required for activity of fhctor iX^. Because 
of the complex and specialized nature of these modifications, 
it seemed probable that the expression of active factor IX, 
derived from factor IX DNA clones, would be most likely to 
succeed in a hepatic cell or a transformed cell line derived from 
a hepatocyte. None of the standard mammalian hepatoma cell 
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Summary 

Six transgenic pigs have been produced by 
microinjecting a human melallothionein pro- 
moter/porcine growth hormone gene construct 
into the pronuclei of fertilised eggs wftich were 
transferred to synchronised recipient sows. The 
resulting transgenic animals contained between 
0-S and 15 copies of the gene construct per cell, 
and at least one of the animals expressed the 
introduced gene and grew at an increased rate 



compared to both transgenic and non-transgenic 
littermates. Some of die transgenic animals that 
did not appear to grow at increased rates were 
found to contain rearranged gene sequences. Two 
of the transgenic pigs have been shown to pass on 
the introduced genes to their offopring. 

Key words: transgenic pigs, gene rearrangement, growth 
hormone, growth improvement. 



Introduction 

Transgenic mice containing integrated copies of a wide 
range of different genes have been produced (Palmiter 
& Brinster, 1986). These animals, and their transgenic 
offspring, usually express the introduced transgenes in 
a manner appropriate to the promoter/enhancer util- 
ized in the introduced gene. When the expressed 
tran^iene encodes a growth promoting hormone, such 
as growth hormone or growth hormone releasing 
factor, transgenic mice can grow up to twice normal 
size (Palmtter et at. 1982a,6, 1983; Hammer et al. 
1985a). The application of this approach to improving 
the growth of livestock has been hindered by technical 
difficulties encountered in producing transgenic farm 
animals, and techniques that enable the generation of 
transgenic sheep and pigs have only recently become 
available (Hammer et al. 19856). The introduction of a 
fusion gene containing the human growth hormone 
gene linked to a murine metallothionein promoter into 
transgenic rabbits, sheep and pigs has previously been 
demonstrated (Hammer et al. 19856). Although some 
of these animals were shown to express the introduced 
gene by both RNA and protein analysis, none of them 
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grew at enhanced rates. In this report we describe the 
production of transgenic pigs using a gene construct, 
which contains a porcine growth hormone (pGH) 
fusion gene under the transcriptional control of the 
human metallothionein-IIA (hMT-IIA) promoter. 
This construct has previously been shown to markedly 
enhance growdi rates when introduced into the germ 
line of transgenic mice (unpublished results). 

Materials and methods 

DNA maniptdatians 

All DNA manipulations involved well-established techniques 
(Maniatis et at. 1982). Plasmid pHMPG.4 was constructed 
by inserting a Hindlil-EcoKl fragment containing hMT- 
IIA promoter sequences from —765 to +60 (Karin & 
Richards, 1982) into pUC19. This plasmid was then digested 
with EcoKl and ligated to the SOO-bpfcoRI insert of the full- 
length pGH cDNA clone pPG.3 (Viae & Wells, 1987a). Of 
the resulting plasmids, one which contained the £coRI 
fragment in the correct orienution was selected. This clone 
was then digested with Smah and ligated to the Klenow- 
treated 1-kb Smal-BamHl fragment from cosmid cPGH.l, 
which contains the 3' end of the pGH gene (Vize & Wells» 
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1987&). Th« muhing clones were screened by restriction 
mapping and a clone that contained the fragment inserted in 
the desired orientation identified and named pHMPG.4 
(HM, human metallothionein; PG* porcine growth hor* 
mone). 

The DNA fragment used for microinjection was a 2*7-kb 
Mrndlll-ZVail fragment tsoiated from pHMPG.4. Following 
digestion with these two restriction enzymes the desired 
fragment was separated from other reaction products by 
electrophorests through a low melting temperature agarose 
gel, and purified by one phenol followed by one phenol: 
chloroform (1:1) extraction and ethanol precipiutton. The 
purified fragment was resuspended in lOmM-Tris-HCl 
(pH7*5), ImM-EDTA and diluted to a concentration of 
2ng^~' with phosphate-buffered saline for microinjection. 

Southern blots (Southern, 1975) were performed using 
Zeta-probe membranes and the alkaline transfer procedure of 
Chomczynski & Qasba (1984) as modified by Reed & Mann 
(1985). Dot and slot-blots were performed using Gene- 
Screen membranes under the conditions described by the 
manufacturer. In all cases the hybridization probe was a nick- 
transhted (Maniatis ei al. 1982) Hmdlll-Aval fragment 
from the 5' end of the human metallothionein-II A promoter 
(Karin & Richards, 1982). 



Generation of transgenic animak 
Multiparous Large White sows were stimulated with 
750IUPMSG (FoUigen Intenret) foUowed by 500 lU hCG 
44h later. Sows in oestrus were hand mated to a fertile boar 
and slaughtered for egg collection 10 h after the expected time 
of ovulation. The fertilized pig ^gs were then recovered 
from the reproductive tracts of the slaughtered animals. The 
cytoplasm of eggs was stratified by centrifugation (7000; for 
3 min) to allow the visualization of pronuclei (Hammer et al. 
19856), and one of the pronuclei injected with 2 pi of the 
pHMPG.4 insert (containing approximately 600 copies of the 
2*7-kb linear DNA fragment). Following overnight culture 
(Storx et ai. 1984) the surviving ^;gs were surgically 
transferred to the oviducts of synchronized recipient sows. 



RMulto 

The organisation of the gene construct used in tfaeae 
experimentSt pHMPG*4» is illustrated in F^* h This 
plasmid contains the hMT-IIA promoter (Karin & 
Richards, 1982) fused to a hybrid pGH gene consisting 
of pGH cDNA sequences (Vize & Welb. 1987a) 
encoding amino acid residues 1-158 of pre-pGH* and 
pGH genomic sequences (Vize & Wells, 19876) en- 
coding pre-pGH residues 158-216. The genomic se- 
quence also contains approximately 700 bases of pGH 
gene 3' non-coding sequences. The 3' non-coding 
sequences were included to ensure the efficient process* 
iiig and polyadenybtion of the hybrid messenger RNA. 
The 2-7-kb jWifdIII-A;iiI insert of pHMFG.4 was 
purified and used for microinjection into fertilized pig 



In a preliminary series of experiments, 189 single- 
cell embryos, which had each been injected with 
approximately 600 copies of the plasmid insert, were 
transferred to 13 recipient sows, at an average of 13 
embryos per sow. Four of the surrogates became 
pregnant as assessed by estrone sulphate determination 
(Stone et al. 1986) but none farrowed. In a second 
series of transfers, a total of 423 microinjected embryos 
were transferred to 14 synchronized recipient sows, 
this time at an average of 30 per sow. Six of the 
recipients returned to oestrus during the fourth week 
following the transfer, and four had to be culled 
because of vs^inal bacterial infection (not connected 
with the embryo transfer procedure). The remaining 
four sows completed the pregnancy and produced a 
total of 17 piglets. Thus, the frequency of producing 
piglets from injected embryos was one live birth per 16 
embryos excluding the embryos from infected sows. 
This is similar to the efficiency obtained with mouse 
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Fig. 1. Structure of plasmid 
pHMPG.4. The construction of 
this plasmid is described in detail 
in Materials and methods. The 
plasmid contains 765 bp of 
promoter and 60 bp of 5' 
untranslated sequence from the 
human metallothionein-IIA 
promoter (Karin & Richards, 1982) 
linked to a hybrid pGH gene 
constructed by fusing pGH cDNA 
(Vize & Wells, 1987ii) and pGH 
cosmid (Vize & Wells, 19876) 
sequences. The Hindlll and Fvul 
restriction sites used to excise the 
hMT-IIA/pGH fusion gene are 
indicated. 



2% P. D. Vize et al. 



ABC 




Fig. 2. Gene copy number in transgenic pigs. DNA 
samples from transgenic pigs were examined by slot-blot 
analysis. Samples were filtered onto a membrane using a 
slot-blot apparatus, which also contained pig negative and 
human positive controls, and plasmid DNA samples 
corresponding to known gene copy numbers. The samples 
(5 fig) are: row 1, transgenic pigs 177, 180 and 295; row 2, 
transgenic pigs 375, 736 and 739; row 3 (no sample in fiist 
column) pig negative control and human. positive control; 
row 5, plasmid standards corresponding to 40, 10 and 4 
gene copies per cell; row 6, as for row 5 except 
corresponding to 30, 8 and 2 gene copies per cell; row 7, as 
per row 6 except amounts correspond to 20, 6 and 1 gene 
copies per cell. 



one-cell embryos injected with the same plasmid con- 
struct, where we achieved one mouse pup from an 
average of 11 injected embryos. 

Dot-blot analysis was performed on DNA isolated 
from tail tissue (Palmiter et al. 1982a) from each of the 
17 piglets produced, and revealed that six of the 
animals that developed from injected eggs contained 
sequences homologous to the hMT-IIA promoter hy- 
bridization probe, with copy numbers (determined by 
slot-blot analysis) ranging from 0-5 to 15 copies of the 
pHMPG.4 insert per cell (Fig. 2). The two animals 
with less than one copy per cell (see Table 1) will not be 
discussed further. 

Southern analysis was performed on the DNA of 
each transgenic pig to determine the chromosomal 
organization of the introduced sequences. Plasmid 
pHMPG.4 does not contain BamHl restriction sites, so 
the digestion of transgenic animal DNA with this 
enzyme will produce one band per integration site on 
Southern analysis. The data show that each of the 



transgenic pigs contains a single band, which hybrid- 
izes to the hMT«IIA promoter probe (Fig. 3A). In 
three cases, (pigs 180, 295 and 736) the detected bands 
are of greater than 25 kb in length, and so appear to be 
of identical size. Longer gels using lower percentages of 
agarose also produce a similar result to that seen in 
Fig. 3A, and we therefore conclude that each of these 
four animals probably contains the transgenes inte- 
grated into a single chromosomal site in each case. 

EcoRl cuts twice within the pHMPG.4 insert, so 
digestion with this enzyme followed by hybridization to 
hMT-IIA sequences can identify the presence of head- 
to-head multimers, head-to-tail multimers, and flank- 
ing £coRI restriction sites (Fig. 1). Digestion of DNA 
from each of the transgenic pigs with Eix^Rl foUowed 
by Southern analysis (Fig. 3B) revealed that only one 
animal, pig number 295, produced a pattern of bands 
that indicated that all integrated copies of the 
pHMPG.4 insert were in a tandem head-to-tail array. 
Of the remaining three pigs, one, number 177, showed 
a random arrangement (or possibly tail-to-tail), while 
the remaining two animals produced multiple bands 
indicative of rearranged sequences. 

Serum pGH concentrations (Table 1) were deter- 
mined for each of tiie transgenic and control pigs using 
an ELISA assay system (Signorella & Hymen, 1984) to 
determine if the introduced genes had produced any 
effect on serum growth hormone levels. One of the 
transgenic pigs, number 295, contained an elevated 
level of serum pGH, which was over twice that of non- 
transgenic and transgenic littermates both at birth and 
at 50 days post-partum (Table 1). 

All piglets were monitored under conventional com- 
mercial rearing conditions with ad libitum feeding. 
Growth was monitored by weighing at weekly inter- 
vals. No differences were evident in the growth rate of 
piglets up to 20 kg live weight. Subsequently, one of 
the two transgenic sows, number 177, continued to 
grow at a similar rate to non-transgenic control litter- 
mates, while the other, number 295, began to grow 
substantially faster (Table 1), and had achieved the 
target market weight of 90 kg at 17 weeks of age as 
opposed to 22-25 weeks required by her littermates. It 
is difficult to judge if either of the two transgenic males 
possess enhanced growth rates as only two non-trans- 
genic male controls were produced in the four litters. 
Neither of the transgenic males showed evidence of 
markedly increased serum pGH levels (Table 1). 
Following breeding (see below) the largest of the 
transgenic boars, number 180, was sacrificed at 35 
weeks of age, and a number of tissues examined for the 
presence of pGH mRNA by both Northern and 
nuclease protection analysis. No expression of the 
introduced gene was detected in liver, kidney, spleen, 
brain, testis or pituitary (data not shown). 
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Tabic 1. Weight gain and serum pGH levels in transgenic pigs 



No. of Plasma pGH (mlU ml" *) Weight 

transgencs ggj„ 

^^^^^ Sex per cell At birth At 50 days (gday"") 



T I 25 10-4 758 

M 6 4-2 15-3 845 

295 F 15 27-8 27-8 1273 

375 F 0-5 6-3 ND 680 

736 M 6 M n-I 646 

739 F 0-5 0-5 6-9 700 

Non-tran^ic F + M - 6-4±5-2 ll-3±2-7 781 ±44 
littcrmates 



The mean daiiy weight gain was determined between 20 and 90kg live weight. F, female; M, male; ND, not determined. 



Considering the high incidence of gene rearrange- 
ment in the founder transgenic pigs» it was important 
to demonstrate that, once incorporated, the introduced 
genes could be stably transmitted to offspring. Two of 
the transgenic pigs, one with a random arrangement 
(female 177) and one with rearranged (male 180) 
sequences, were therefore mated with control animals, 
and the offspring examined for the presence of the 
foreign gene by dot-blot analysis. As Fig. 4 illustrates, 
both of the animals were able to pass on the transgene 
to a proportion of their offspring (pig 177, one out of 
five; pig 180, six out of eight), indicating that the 
generation of lines of transgenic pigs is feasible. 
Southern analysis of DNA from each of the transgenic 
offspring revealed that each of the pigs produced 



restriction enzyme patterns identical to those of their 
tran^enic parent (data not shown). 

Discussion 

The finding that only one of the four transgenic pigs 
studied contained the introduced genes oiganized in a 
head-to-tail array is surprising, as all seven transgenic 
mice containing the same gene construct, which have 
been studied by Southern blotting, contain the trans- 
genes in head-to-tail arrays (for example, see Mclnnes 
et al. 1987). Also, the results of a large number of other 
investigators indicate that nearly all transgenic mice 
contain integrated transgenes in this conformation (for 
reviews see Palmiter & Brinster, 1985, 1986; Gordon & 
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Fig. 3. Southern analysis of tran^enic pigs. DNA samples (3 ng) from each of the tran^nic pigs along with pig negative 
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Fig. 4. Inheritance of the transgene. DNA samples (Sfig) 
from the two transgenic parents along with that of their 
offspring, plus appropriate negative (pig) and positive 
(human) controls, were applied to a membrane using a dot- 
blot apparatus and hybridized to a nick-translated human 
metallothionein-IIA promoter probe. Pig 180, and 
offspring 177-1, 177-2 and 180-1 to 180-3 were male, and 
pig 177 and offspring 177-3 to 177-5 and 180-4 to 180-8 
female. Despite appearances here. Southern analysis of 
pigs 177 and 177-4 indicates that both of these animals 
contain an equal number of gene copies per cell (dau not 
shown). 

Ruddle, 1985). The only available data on integration 
patterns in transgenic pigs other than those presented 
here are those of Hannmer et al. (19856), who have 
shown that in the two transgenic pigs studied the DNA 
was integrated in an ordered fashion and inserts were 
found mostly in head-to-tail arrays. As the mouse data 
indicate that our construct is not inherently unstable, 
and the results of Hammer et al. (19856) indicate that 
other constructs int^te in a similar fashion in the 
porcine and murine genomes, we concluded that the 
rearrangement of the pHMPG.4 sequences in trans- 
genic pigs is probably a phenomenon specific for this 
construct in the porcine genome. 

The data presented here demonstrate for the first 
time that the expression of a transgene in a transgenic 
farm animal can result in markedly improved daily 
weight gain and body weight. As transgenic pigs 



expressing high levels of human growth hormone do 
not appear to grow at increased rates (Hammer et al. 
19856), we propose that the enhanced growth of our 
transgenic female number 295 is due to the use of a 
gene construct that directs the expression of authentic 
porcine growth hormone, rather than a heterologous 
hormone. It is interesting to note that the only pig 
showing evidence of improved growth performance 
was also the only animal that contained the introduced 
gene sequences integrated in a random head-to-uil 
array. The increased serum pGH and improved growth 
performance of this animaf did not result in any 
detrimental effects on health, and there were no 
indications of liver damage or arthritis as are observed 
after prolonged exposure to high levels of injected pGH 
(Machlin, 1972). This is probably due to this animal 
expressing growth hormone at less than toxic levels 
(Chung et al. 1985). Unfortunately, this animal con- 
tracted pneumonia following an uncommonly severe 
period of cold weather and was killed at 18 weeks of 
age, precluding studies on the fertility of this animal or 
its ability to transmit its transgenes to offspring. Such 
studies are of great importance, as tran^;enic female 
mice expressing high levels of human growth hormone 
are infertile (Palmiter et al. 1983). This may not be as 
severe a problem in pHMPG.4 transgenic pigs, as these 
animals will be expressing porcine growth hormone, 
not a heterologous growth hormone, and transgenic 
mice with elevated murine growth hormone levels do 
not display any indications of reduced fertility (Ham- 
mer et al. 1985a). However, the study of the effect of 
increased pGH levels in tran^;enic pigs will have to 
await the production of a large number of transgenic 
pigs containing functional transgenes. 

Our results also demonstrate for the first time that 
transgenes integrated into the procine genome are 
stable in the germline, and can be passed onto a 
proportion of the offspring, indicating that the pro- 
duction of stable lines of transgenic farm animals with 
enhanced growth performances is feasible. 

Our future research is aimed at the generation of a 
laiger number of transgenic pigs using the pHMPG.4 
construct and generating homozygous lines of trans- 
genic pigs from these founder animals to determine the 
potential of this approach for improving pig pro- 
duction. Studies on the activity of the hMT-HA 
promoter with transgenic aninuds fed on diets contain- 
ing increased levels of heavy metals (such as zinc) are 
also planned as transcription rates from this promoter 
are enhanced by heavy metals (Karin et al. 1984). 
Experiments aimed at determining the r^on of the 
pHMPG.4 construct responsible for the observed in- 
stability in the porcine genome are also in progress. 
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don of the gene for dutMdc^l^ is 1 ii<^ wide 
and sfians a region 2cM :pidxiaii^ point 
4cM proximal of locus DSS7S (noce^amfws in Fli. 1). For 
faadlics widi acota SMA. the naxhmmi lod sooK of 102 indi- 
cates that a gene r e sp ons i ble for this disease maps to the same 
generd area. The best estiaute for die location ct the acute 
SMA locus is 15 cM distal to die esdmated position of the locus 
for duonic SMA. 

Our data indicate that dinicalty heterogeneous fonns of 
chronic childhood SMA (type II or intermediate form and type 
III or Kugelberg-Wdander or mild form) map to a single locus 
on chromosome 5q. The chronic forms c^ddldhood-onset SMA, 
therefore, are likdy to occur as the restttt of allelic heiemgeneity, 
sinuhv to the cue for Dudienne- and Becim4ype dyttrophies*^ 
It is interesdng that our data indicate that acute diildhood SMA 
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nai MultipoimiirtKege analysis of the SMA dbease locust 
martcers spanning -30 (M inchjcflng 5ciU.2-5qia3 (ref s 16. 21). Analysis 
of mm chronic fMNaa (aoNd Hna) amt ah acuta famHas (dotted ime). 
Throe ehronle fsmiias each oonalsta of lipur aTfadad chldtan and 8-12 
imtttetedaaw^faadirontefamaiaaaaflh haw thro e affec te d cliS^ 
0-4 unaffseted sin. The aouta IMNaa; ooOactad over a 3>year periodl 
Include one family with three affected cNWren (tiizygotic triplets). Ito 
fMHea vrith tMo affected chldroa and one fMy with one afliected a^ 
two unaffected site. Recombi nati on fractions {9J between ONA martcers 
were calculatBd from pubHshed map dtetances". Marker loci 1)586. 
D5S78 and l>fR map to 5t|11.2-133 (ref. 21). for the femato-to^nale 
dbtance ratio we used the published vdhie of 1.6 as being appropriate fbr 
this area of the genome^. Muitipobniod scores were obtained by five-point 
analysis in an fMles, except one fbr wWciK for reasons of computational 
efficiency, ttweei)oim lod scores had to be calculatea Ihe computer progm 
used was UNKMAP of the UNKAGE pedtage^. The confidence interval for 
chronic famSies (defined as points on the map with lod scores ^ZmmT^ 
where 2;„„ is tiw value of 2{a) at the maximum llc^ihood estimate of $) 
spans an U-cM region maiked by arrows at map positions 0.11 and 0.22. 
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We are invckigating whether this gene is a candidata for an 
SMA mutation. □ 
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is a polygenic coniMon hi wMch Mood 




ta enthral 

cardhic f aifam and Udncy disease. The genes for several of dte 
Hetetoa lavohed in Mood pttasie haweealarii 
and characteriicd*^, indndtag those ef tfte 
I9SICHI, wMch plays a central part te hiaad | 
Here we descffhe the hrti od Rdh w of the 
gcne^"-*' into the gcnonw of the lat aa 

I of tMs gene cames severe lypertasioR. These I 

a BMdel for l^ype rte nsion to which dw 
genetic hasb for dw dfaease is known. FardMr, as Ihe tranfenlc 
anfanab do not ov erexpi es s active rente to the Udncy and have 
low levels of active rente ta their ptesau, they also provide a new 
model for low-rente hyp c Henslo B. 

We chose the mouse Ken-^ renin gene for introduction into 
the rat gcrmline because it had already been characterized in 
transgenic mice and because we expected it to be highly 
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W090 Soiilhorii4)loilBd ond hydHdtood 

da ft¥Od from the r enin ui <i» l(WM B t o r y OWA dowo pDM Lpa*^ and Mbeled 
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for mieralf^iacUoA by diiMlion of ttio ooomid clona a 
ifltol and aiteaquart iaotadon of 119 244d> JIM f^i^^ 
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expressed in certaio tissues'^; also, injection of purified mouse 
sttl»maiidibular gland (SMG) min (encoded by Ren'2) into 
rats leads to a significant and austatned increase in blood 
pressure". Fertilized rat eggs woo microiiucctod with a linear 
DNA fragment containing the entire DBA/21 R€fh2 gene, 
induding SJ and 9J kiiobasca (kb) of 5' and 3' flanking 
sequanco. respectively'*. Fhm 17 egp implanted, there were 
eight progeny, of whidi five carried the transgene (Fig. 1). Four 
of the founders were bred socoessfWDy and three of them 
(T0RmRen2, numbers 25, 26 and 27) transmitted the transgene 
to their progeny. At ten weeks of oge and before breeding, the 
blood pressure of tlw founder animals was measured. F6r four 
of the transgenic animals it was in the range 230-265 mm Hg, 
but was 120-130 mm Hg in the transgene-negative litter-mates 
(Fig. 1). Breeding of TGRmRen2 female 26, who was not hyper- 
tensive, revealed her to be mosaic for a transgene insertion site, 
the inheritance of which aegregatod with hypoftension in the 
blood pressure range indicated (data not shown). The phenotype 
is therefore independent of the transgene inaertion site and is 
not due to a fortuhous mutation associated with the intention 
event 

Analysis of the transgem'c line established from TGRmRen2 
male 27 revealed that, without exeeptiea, progeny ;nhcri:ir.g the 
transgene also had the hypertensive phaiotype. Both male and- 
female animals of this line developed hypertension rapidly, 
beginning at four weeks of age and reading a maximum by 
nine weeks (Fig. 2n). Pharmacological hitervention to reduce 



blood pressure took the form of treating the animals with 
lOmgicg"' per day of the converting enzyme faihibitor, cap- 
topiil; this inhibits the conversion of angiotensin I to angiotensin 
II. This low dose, given daily in Ute drinking water, was sufficient 
to reduce die Mood pressure ci the hypertensive transgenic rats 
reprodudbly by 40-60 mm Hg (Fig. 2fr), indicating that the 
hypertension is largely dependent on the conversion of 
angiotensin I to angiotensin II. 

Northern blot analysis showed that the concentration of renin 
transcripts was high in die adrenal glands of die transgenic 
animals (Hg. 3a). In addition, renin transcripts were detecuble 
in testis, coagulation gland, diymus and small intestine in trans- 
gene-positive animals, but not in control transgene-n^gative 
littermates (dau not shown). These additional sites represent 
tissues in which renin is naturally expressed in die mouse. Renin 
messer^ RNA was not observed in the SMG, a result that 
oottld reflect the absence of essential mms-acting faaois in this 
tissue as the endogenous rat renin gene is not expressed in the 
SMG (ref. 16). An RNase protection assay using a Ren-^-spedfic 
probe confirmed that the renin transcripts in the adrenal gland 
were exclusively of origin and diat lten-2 tianscrifrts 
were present in the kidneys of transgene-positive animals 
(Fig. 36). 

No evidence was found for altered plasma angiotensinogen 
levels, but plasma renin activity and angiotensin I were sig- 
nificandy lower in transgenic animals than in the controls (Fig. 
4fr-e). The amount of angiotensin II was also less than in the 



Fia 2 4 Dovetapmem of blood pressure wtth age. Each point 
represents tho mean of 7 (transgenic, drelea) or 5 (oontrol. 
crosses) animals and standard errors are kidkalBd dbove 
and beiow each data point £t Effect of oomertiiV en^mo 
mbitor (08) on blood pressure. Each point re p r ea or na the 
mean of 3 animals and standard errora are indteated dbove 
and below each data point +.TGnmRen2L27 ratshay^no 
treatment TGRmRen2 L27 rats reoeivir^ CSk x, control 
rats receiving GEL 

METHOOa Blood pressure was determined by tail piethys- 
mo^aphy under li^ ether anaesthesia as descri)ed^. 
Animals under converting enzyme irMbitor treabnent were 
givOT captcpr^ (10 mg l« p» day) m th^ drlrMi« water. 
CaptoprU treatment started at day 51. 
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oontrols but the difiemioe was not statistically significant Deter- 
mination of proienin showed it to be raised in the plasma of 
transgenic animals (Fig. 4a), but the ftoctioiial significance of 
this finding is unclear. Adrenal glands of the transgenic animals 
contained significantly increased renin concentrations (Fig. 4/). 
No evidence was found for the storage of renin in this tissue, 
so the large di^renoe between renin nRNA levels and enzyme 
activity may reflect a constitutive secretion of llcfi-2-derived 
renin from the adrenal glands. By contrast, ktdn^ tiuue from 
transgenic animals contained only 20-25% of the renin activity 
of the controls, which is consistent with immuno^todiemical 
and ultrastructural data showing a reduction in lenin storage 
granules in the juxtaglomerular ai^mitus (S. Badmiann et oL, 
manuscript in preparation) and suggests that renin expression 
IS subject to translational or post-translational control. Pre- 
liminaiy studies on isolated kidney show that renin seoetion is 
reduced and that there are no other abnormalities of renal 
function (K. Munter, personal communication). 



Although we have defined a genetic basis for this transgenic 
hypertensive rat model, the mechanism respon»ble for elevating 
blood pressure remains to be established. The hypertension is 
deariy not due to overexpressron of renin in the kidney, and 
the suppression of active renin in the kidoN^ and in the plasma 
is probably a result of an already elevated Mood pressure In 
young animals, pressure-mediated renin suppression being a 
well known friienomenon. The tncteased plasma prorenin prob- 
ably originates, at least in part, from the adrenal gland, but the 
ovary, vascuter tissue and other sources of prorenin should also 
be considered. Any role of prorenin in hypertension still awaits 
investigation, but in this respect it b intmsting that prorenin 
is ivised and still persistt after nephrectomy in hypertensive 
IMtients, confirming that its origin is extra-renal. At this stage, 
the most likely explanation for the high blood pressure in 
TGRmRen2 rau is a stimulated rentn-angiotefisin system in the 
adrenal gland, with the consequent oveiprbdiiction of steroid 
hormones. This is in keeping with our preliminaiy data on 



FI&4 Determination of plasma and tissue renin, 
angiotensin system compone nts . Values rep- 
resent the mean and standard error of 7 animals 
for each determination^ with the exception of the 
kidrwy arid afcWMl gland renin values (3 animate). 

Statistical analysis by ANOVA Showed the fbltow. 
ir«s<0nificanoevalue&proren^P<O.O5tietween 
the transgenic animals end the oorrespondirK 
controls; renia P < 0.005 between the transgenic 
animals and the oorrespondk\g controls; 
angiotensin I, f><0.05 e)etween the transgenic 
animals and the corresponding controls tissue 

renia P < 0.01 for the adrenal gland and P < aO05 
forthefckHey. 

KCTH006. Concentrations of ar«k>tensinogea 
angiotensin I. angiotensin n and renin were deter, 
mined as described'*-"^. Prorenin levels were 
catenated by siAtraction of renin activity from 

total plasma renin activity determined after trypsin 
activation^. 
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HybtMfizaticm of longitiidinal sections of adult nu soleus 
mude with e- and a-«ubunit-spedfic antisense eompiementafy 
RNA (cRNA) probes revealed strong hybridiation signals at 
utes that had been previously identified as end^atcs by staining 
for aceQfkfaoiinestefase (AChE). Figure la shows the end-plate 
legMM of a moscie stained for AChE. SiAaeqneat M»idiziaion 
with the e^ubtmh-veeific antisense prabe showed a strong 
Xgnlat the site where the AChE stain had been (Fig. 16). After 

■^S'i-*?'**^' •>« resolved above 

indmdiial qm^Mic nuclei (Fig. Ic); no hybridization was 
obsmed outside end-|^ regions. When sections were incu- 
bated widi e-4ubttnit-qiedfic sense probes, no hybridization 
could be detected (data not shown). These observations suggest 
that autoradiographic grain clusters reflect locaUy incteased 
c-subunit bRNA levete below the end-phrte membranes. Similar 
results were obtained after hybridization with a-subunit-spedfic 
antisense (Fig. i< e) and sense probes and oonfiim the synaptic 
iocahzation of a-subunit mRNA in rat musde. as observed 
previously udng noithein Mot analysU'. In some fibres, a small 
HSMl was obsoved above nuclei in the perijunctional region 
ofdie nmsde fibres (Rg. le). ^ 

Ftavious northern btot analysU of AChR-spedfic mRNAs in 
neonatal m musde indicated tiiat e-subunit mRNA is barely 
d«e«rt>le at Mith but that levels increase rapidly during the 
first 2 weeks of postnatal devdopmeot*. To determine wh^er 
this mcreue in e-subunit mRNA b restricted to the end-plate 
fgp<m ai^ therefore would be induced focally by die nerve, or 

•^5112'^ " "Wiving the entire fibre, 

we bybndized tnoeps muscle fhtm rats of diflerent postnatal 
ares wMh an t-subunit mRNA-spedfie cRNA piobe. Figure 2a 
shows die localization of AChE and autondiognphs of longi- 
tiidiniUIy sectioned musde (6-d). At postnTtal day 1. no 
ha*ndiation dgnal could be detected dAer synaptically or 
(Fig. 26). In daric-field microscopy, some Ir 
the qmaptK sites revealed a weak accumulation of grains (data 
not shown). However on postnatal days 5. 9 (datt not shown) 
and 12. an unnsingly stronger signal was seen (Fig. 2c) diat 
always coinaded witii die AChE-stained synaptic sto. Thus 
tiie postnatal appearance of e-subunit mRNA is restricted to 
the end-plate rnion from the eariiest stages of synapse develop- 
ment and therefore must be induced by the nerve-nmsde con- 
tact As in adult musde. hybridization signals in postnatal day-12 

12" '^yf'«>^ with individual nndd. as shown 

^la^S^S!'"'"**^ attnbution to subneural nudd was not 

In Gontns^ total o-snbunit mRNA remained at a plateau 
level durmg die first 12 postnatal daysr During this p^Kc 

22?!^tL^^^'**.^K'* 2^ »)• Although 

^ synaptic sites, they were more 

widely distributed Aan those obtained upon hybiKSn^ 
tf«e-«.bunrt mRNAspedficprobe. Moreover, the hybridizatiS 

bundles 

nnll!il**-' ^"^^ e-subunit mRNA increases atanost 

nonnally in neonatal musde denervated shortly af^ bSh* 
mdicatmg that only the brief, prenatal nerve-SE^SJis* 
neossanr to induce e-subunit mRNA synthesis. We haw^«^ 
gated wheflier die e-subnait mRNA stiHaps^ feS^y^^J 
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ABSTRACT Transgenic rabbits witb the rabbit c-myc 
oncogene fosed with the rabbit immunoglobulin heavy chain 
enhancer region (E^ DNA wore developed by microiiyecting 
pronuclei of slng^ cdl zygotes with the gene construct and 
implanting the microii^jected eggs into pseudopregnant fe- 
males. At age 17-20 days, 3 of 21 ofEspring bom to seven 
fonales were found to have peripheral blood lenkocjrte counts 
of >100,000 per mm'. Histology analyses showed extensive 
lymphocytic infiltration in the liver and kidney, indicating that 
these rabbits had a malignant lymphocytic leukonia. Gawmic 
DNA analyses of thymus and peripheral blood lymphocytes 
revealed that the leukemic rabbits were transgenic and that 
both immnnoglobuUn heavy and k light chain genes were 
rearranged in the leukonic cells; thus, the leukemic cells are of 
B<ell lineage. One to four heavy and light chain gene re- 
arrangements were observed, suggesting that the B-ccH tumors 
were oligodonal. Stable tissue culture oeD lines fkom the bone 
marrow and peripheral Mood of one of the transgralc rabbits 
have been developed. The development of B-ceU.leukemias in 
rabbits with the E^-myc transgene contrasts with the develop- 
ment <rfB-ceD lymi^omas in mice carrying a similar transgene. 
The Ijrmphomas in mke develop in adults and are monoclonal 
in origin. The leukemias In rabbits devdop in Juveniles, less 
than 3 weeks after Inrth, and appear oligodonal hi origin. The 
leukemias seem to develop in rabbit at a ^edfic stage of 
development, and we suggest that a normal developmental 
signal may be involved in the oncogenesis. 



Segments of DNA that enhance or regulate gene transcription 
in a tissue-specific manner have been identified in association 
with several genes. These include those encoding inununo- 
globulin heavy and light chains (1-4), elastase I (5), a- 
fetoprotein (6), myosin light chain (7)» /^globin (8, 9), insulin 
(10), and aA-crystailin (11). Transgenic mice that have 
received these tissue-specific regulatory elements fused with 
an oncogene have developed tumors of the tissue from which 
the DNA element was derived. For example, transgenic mice 
created with the simian virus 40 (SV40) eariy region DNA 
fused with a pancreatic enhancer segment developed pan- 
creatic tumors (12). Similariy, transgenic mice receiving the 
SV40 oncogene fused with an insulin gene developed beta- 
cell tumors (10), transgenic mice receiving the SV40 onco- 
gene fused with an aA-crystaUin regulatory sequence devel- 
oped lens tumors (13), and transgenic mice receiving the 
c-myc oncogene fused with the tissue-specific mammary 
tumor virus promoter and enhancer DNA segment developed 
breast adenocarcinomas (14). 

The deregulated expression of the c-myc oncogene has 
been implicated in the development of lymphocytic tumors. 
Most murine plasmacytomas and human Burkitt lymphomas 
have c-myc translocations juxtaposing this cellular oncogene 
with immunoglobulin enhancer gene segments resulting in 
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constitutive expression of the c-myc oncogene (15). Dereg- 
ulated expression of the c-myc oncogene also results in the 
appearance of a variety of other tumors. One strain of 
transgenic mice liarboring the mammary tumor virus pro- 
moter and enhancer gene segments fused with the c-myc gene 
develops testicular, mast cell, pre-B cell, B-cell, and T-cell 
tumors (16). Of particular interest are the experiments of 
Adams et al. (17) that demonstrate that transgenic mice 
harboring the c-myc gene fused with the immunoglobulin 
heavy chain enhancer region develop B-cell lymphomas. 
These observations raise the probability that development of 
c-myc transgenic animals of other species may increase our 
understanding of c-myc oncogenesis and possibly provide a 
source of B-cell tumors and B-lymphocyte cell lines. In the 
present study, we cloned the rabbit c-myc gene, localized the 
rabbit heavy chain enhancer (E^ region, and generated 
transgenic rabbits with a gene construct juxt^>osing these 
two genes. We report here the development of lymphocytic 
leukemia in three transgenic rabbits at 17-20 days of age and 
the establishment of rabbit B-lymphoid cell lines. 

MATERIALS AND METHODS 

Rabbit c-myc Gene. The rabbit c-myc gene was cloned from 
the rabbit recombinant phage library X314-6 as described 
(18), with a 5.5-kilobase (kb) EcoBl fragment containing the 
v-myc gene used as probe (19). Positive clones were plaque 
purified and one, clone 14, was restriction mapped. The 5' — ^ 
3' orientation of the clone was determined by using appro- 
priate v-myc probes and a synthetic DNA oligomer encoding 
33 base pairs (bp) from a relatively conserved DNA sequence 
around the human and mouse c-myc TATAAT box (20). 

Rabbit DNA Segment. The rabbit inununoglobulin 
DNA segment was identified by Southern analyses of rabbit 
DNA sequences and localized between the heavy chain 
joining region (Jh) and ft heavy chain constant (C^ region 
gene segments by using an oligonucleotide probe encoding 
the "core** enhancer DNA sequences derived from the 
mouse heavy chain enhancer region (2). A 0.6-kb BomHI/ 
EcoRI fragment within this intronic region of the rabbit heavy 
chain locus was examined further for enhancer activity by 
using a cDNA indicator gene, the tissue plasminogen acti- 
vator gene, with the S107 immunoglobulin heavy chain 
variable region promoter. This gene construct is expressed 
poorly in transient expression experiments in B-lymphoid 
cells unless an enhancer DNA element is juxtaposed to the 
gene. Tissue plasminogen activator activity was measured by 
a technique to be published elsewhere. 

Transgenic Rabbits. Adult female rabbits were obtained 
from Scientific Small Animals (Chicago). Rabbit zygote 
donors were injected subcutaneously with 50 international 
units of pregnant mare gonadotropin (Sigma) on day —4; 
immediately after mating, they were injected intravenously 



Abbreviations: PBL, peripheral blood leukocyte(s); E^, rabbit heavy 
chain enhancer; J, joining; C, constant. 



3130 



Immunology: Knight et aL 



Proc. Natl Acad. ScL USA 85 (1988) 3131 



with 150 international units of chorionic gonadotropin 
(Sigma). Single-cell zygotes were flushed from rabbit donor 
oviducts 19 hr later (day 1). The pronuclei were injected (21) 
with the 7.2-kb ^mdlll DNA fragment (1 /i.g/ml) containing 
the rabbit c-myc and DNA segments that had been cloned 
previously into pUC13; no vector sequences were present in 
the microinjected DNA. The injected zygotes were implanted 
through the flmbrial end of the oviduct of a recipient rabbit 
made pseudopregnant 2 days earlier by intravenous injection 
of 150 international units of chorionic gonadotropin or by 
mating with a sterile male. 

Immunofhiorescence and Histology Analyses. Membrane 
immunofluorescence staining was performed with hybridoma 
2C4 anti-rabbit class II antibody and with goat anti-rabbit 
light chain antibody, as described (22). Cells were examined 
by using fluorescence microscopy and flow cytometry. Par- 
aflin-embedded tissue sections of normal and leukemic rab- 
bits were stained with hematoxylin/eosin. 

Genomic DNA Analyses. Genomic DNA (5 ftg), prepared by 
the method of Blin and Stafford (23), was analyzed by using 
methods described by Southern (24). DNA ^^P-labeled 
probes were prepared as described (18). The 2.7-kb Sac X/Bgl 
II rabbit k light chain (C^) genomic probe was provided by E. 
Max (National Institutes of Health). Hybridization analyses 
with ^^P-labeled oligomeric probes were performed in 0.9 M 
NaCl/0.09 M sodium citrate at 12°C for 18 hr. 

Tissue Culture. Single-cell suspensions for tissue culture 
were prepared from spleen, mesenteric lymph nodes, and 
bone marrow. Peripheral blood leukocytes (PBL) were pre- 
pared with Seprapette-MN tubes (Sepratech. Oklahoma 
City, OK). All cells were grown in RPMI 1640 medium with 
15% fetal calf serum, 5% normal rabbit serum, 0.5 mM 
2-mercaptoethanol, and 1 mM sodium pyruvate. Additional 
supplements included supemate of interleukin 3-producing 
WEHI-3B cells (25), supemate of B-cell-stimulatory factor 
1-producing D10.G4,1 cells (26), and supemate of concanav- 
altn A (Con A)-stimulated rabbit spleen cells. 

RESULTS 

Identification of the Rabbit c-myc Gene and the Rabbit E^. 

A 6.6-kb BamHl fragment was found to hybridize with v-myc 
and was further analyzed by DNA hybridization (Fig. lA) with 
3' and 5' probes of v-myc. The c-myc exon 1 was localized by 
hybridization with the 33-bp oligomer encoding sequence 
nei^boring the TATAAT box of the human MYC gene. 

A 0.6-kb BamHI/£coRI fragment «»1 kb downstream of 
the Jh region cross-hybridizes with the mouse core enhancer 

c-myc 

A EXON 1 EXONS 2 & 3 
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Fig. 1. Restriction maps of rabbit c-myc recombinant phage 
clone {A) and rabbit Jh-C^ chromosomal region {B). The solid boxes 
in A represent regions that hybridized with the c-myc exon 1 oligomer 
probe (5' solid box) and the v-myc probe (3' solid box). The regions 
encoding J H segments and are designated in B by solid boxes. The 

and the switch region (S^) are designated by open boxes. The 
enzyme symbols are as follows: 9 , fiamHI; i , EcoRI; t. Sac II; T, 
//indlil; and Xho 1. 



oligonucleotide probe (Fig. IB). The murine heavy chain 
enhancer region also is found »1 kb downstream of the 
murine region. The 0.6-kb BamHI/£coRI fragment 
showed functional enhancer activity when tested in conjunc- 
tion with the tissue plasminogen activator indicator gene 
(data not shown). This 0.6-kb BamHI/EcoRI fragment was 
cloned 3' to the 6.6-kb BamHI c-myc gene and the resulting 
construct was used for the microinjections. 

Development of Transgenic Rabbits and of Rabbit Lym- 
phocytic Leukemias. Tw^o hundred and forty-six zygotes in- 
jected with the transgene construct were implanted together 
with 43 uninjected zygotes into a total of 15 pseudopregnant 
females. Seven of the females became pregnant and delivered 
a total of 21 live offspring and 10 dead fetuses. Three of the 21 
offspring were found to be leukemic at 17-20 days of age, 
having PBL counts of 500,000 cells per mm' (rabbit K74-4), 
600,000 cells per mm' (rabbit K75-4), and 100,000 ceUs per 
mm' (rabbit K47-4). These values contrast with PBL values of 
«5000 cells per nun' in normal rabbits. The three animals were 
sacrificed and Southern analyses of BamHI-digested liver and 
PBL DNA revealed the presence of multiple copies of the 
6.6-kb c-myc transgene (Fig. 2, data for K47-4 not shown). The 
endogenous c-myc gene is found on a 25-kb fragment in the 
genomic DNA of each of the animals tested. Seventeen other 
rabbits lived beyond the age of 2 months, at which time DNA 
was isolated from PBL and examined by Southern analyses for 
the presence of the transgene. Each of these 17 rabbits had the 
endogenous c-myc gene but no transgene (data not shown). 

Patiiology and Histology of Leukemic Transgenic Rabbits. 
The three transgenic rabbits (K74-4, K75-4, and K47-4) pre- 
sented with palpable splenomegaly and high numbers of PBL 
on day 17 (K74.4), day 18 (K75^), and day 20 (K47-4). 
Necropsy revealed that the spleen, liver, and kidneys were 
enlarged. Examination of blood smears (Fig. 3) confirmed the 
increased PBL count and revealed a population of large 
atypical lymphocytes (lymphoblaste). Most of these neoplastic 
cells contained vacuoles and split- or cloverieaf nuclei. The 
histology of the three transgenic rabbits was identical and 
revealed that the bone marrow, kidney, liver, and spleen were 
infiltrated by the neoplastic lymphoblasts (Fig. 4). 
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Fig. 2. Southern blot analysis of thymus and PBL DNA re- 
stricted with BflmHI from rabbits K74-4 and K75-4. The blot was 
hybridized with the 6.6-kb BamHl rabbit germ-line c-myc probe. 
Lane 1, K74-4 PBL; lane 2. K74-4 liver; lane 3, K75-4 PEL; lane 4, 
K75-4 liver; lane 5, norma] rabbit sperm DNA. The sizes (kb) of 
//indlll-digested A phage are shown as size standards. 
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Fig. 3. Blood smear of rabbit stained with hematoxylin/eosin. 




Fig. 4. Section of kidney of rabbit K75-4 stained with hematoxylin/eosin. 
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Rabbit Tissue Culture Cell Lines. Cells from various tissues 
of the three transgenic rabbits were placed into culture to 
establish cell lines. After 2-6 weeks in culture, the lymphoid 
cells of rabbits K74-4 and K75-5 were no longer viable and 
only flbroblast-Iike cells remained. Viable lymphoid cells 
began to emerge from the bone marrow cells of rabbit K47-4 
after 10 days in culture and from PBL after 3 weeks in culture. 
The bone marrow cells grew from all cultures except those 
that contained Con A supemate. The PBL grew under all 
culture conditions; however, cells from the cultures contain- 
ing Con A supemate grew considerably faster than those that 
did not contain Con A supemate. Cells from the bone marrow 
and PBL have been adapted to grow in RPMI 1640 medium 
containing 10% fetal calf serum and 5% normal rabbit serum 
without additional supplements. These cells have continued 
to divide in culture for >1 year. The doubling time of bone 
marrow-derived and PBL-derived cells is about 24 hr. 

Immunofluorescent and Molecular Genetic Analyses of the 
Rabbit Leukemic Cells. Membrane immunofluorescence 
staining of PBL of rabbits K74-4 and K75-4 revealed that all 
cells reacted with the anti-rabbit class II hybridoma antibody 
2C4. These cells reacted weakly, if at all, with anti-rabbit 
immunoglobulin antibody. Similariy, the bone marrow- 
derived and PBL-derived cell lines of rabbit K47-4 reacted 
with the anti-class II antibody and showed little or no re- 
activity with the anti-immunoglobulin antisera. These cell 
lines do not appear to be mature B-lymphocytes. 

Southern analyses of genomic DNA from liver, thymus, 
and PBL of the leukemic rabbits were done by using rabbit 
Jh and C« probes. Hybridization of //i/tdlll-restricted DNA 
with the Jh probe revealed that Jh rearrangements had 
occurred in the PBL of all leukemic rabbits. PBL DNA of 
rabbit K74-4 had two non-germ-line Jh hybridizing fragments 
of 4.1 kb and 3.2 kb; the weakly hybridizing 4.1-kb band in 
thymocyte DNA probably reflects contamination of the 
thymus with infiltrating leukemic cells. PBL DNA of rabbit 
K75-4 had four Jh hybridizing bands— 9.7 kb, 4.7 kb, 4.2 kb, 
and 4.1 kb — not found in thymocyte (presumed germ line) 
DNA (Fig. 5A). PBL DNA of rabbit K47-4 had one non- 
germ-line Jh hybridizing fragment, 4.1 kb (data not shown). 
In all cases, the appearance of additional Jh hybridizing 
fragments in PBL DNA was accompanied by loss of hybrid- 
ization intensity to one or both germ-line Jh fragments. The 
Jh gene rearrangements strongly suggest that the leukemic 
cells in all three rabbits are of the B-lymphoid lineage. 

Similar studies with the C^ probe indicated that the CJ gene 
was rearranged in all three lei^mic rabbits (Fig. 5B). Southern 
analyses of Hmdlll-restrkted DNA using a C« probe revealed 
the intensity of hybridization of the functional CJ gene (6.5-kb 
HindlU fragment) was decreased in the PBL DNA, relative to 
thymocyte and nomial liver DNA. PBL DNA from the trans- 
genic rabbits had four or five new C^ hybridizing fragments, 
indicating that several different C^ gene reamuigements had 
ocoured and that the leukemias were oligoclonal. As a control, 
the intensity of hybridization with the infirequently expressed 
gene found on a 10-kb Hmdlll fragment (27) was observed 
to be similar in leukemic thymus, PEL, and liver DNA. 

Southern analysis of DNA from two different lines of cultured 
PBL ceUs from rabbit K47-4 revealed one germ-line Jh hybrid- 
izing fragment and a 4.8-kb HindlU rearranged Jh fragment; 
hybridization with the C« probe revealed one cell line (no. 2) 
with germ-line and a rearranged C^ (presumably CJ) 18-kb 
HindlU fra^ent. The other cell line (no. 1) had germ-line C^2 
and two rearranged CJ fragments of 18 kb and 9.8 kb (Fig. 6). 

DISCUSSION 

B-lymphocytic leukemias have been developed in transgenic 
rabbits harboring the E^-myc transgene. Studies with mice 
carrying a similar transgene have shown that such mice 
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Fig. 5. Southern blot analysis of transgenic rabbit DNA restricted 
with Hindlll. (A) The blot was hybridized with a rabbit Jh probe. Lane 
1, K74-4 thymus; lane 2, K74-4 PBL; lane 3, K7S4 thymus; lane 4, 
K7S4 PBL. The intense bands of thymus DNA are |»esuiiiably in 
gerav4ine configuration. The sizes (kb) oi genn4ine (GL)-sized hybrid- 
izing fragments are indicated. (B) The blot was hybridized with rabbit 
probe. Lane 1 . K744 thymus; lane 2, K74-4 PBL; lane 3, K75-4 Uven 
lane 4, K75-4 thymus; lane 5, K75^ PBL; lane 6, noraial rabbit liver. 
The sizes (kb) of //indlll-digested A phage are shown as size standards. 
Germ-line Kl and K2 fragments are indicated. 

develop B lymphomas (17). Two major differences between 
the oncogenic outcomes in rabbit and in mouse are noted. 
The rabbit leukemias consistently occurred eariy in devel- 
opment, 17-20 days of age, and the leukemic cells appear 
oligoclonal in origin. In contrast, the murine lymphomas 
occurred late in development, months of age, and are 
monoclonal. Langdon et al, (28) have shown that polyclonal 
proliferation of pre-B cells occurs in E^-myc mice. Presum- 
ably, c-myc expression, driven by of the transgene, occurs 
polyclonally, eariy in B-cell development. Langdon etal. (28) 
suggest that oncogenesis that occurs in the adult transgenic 
mice requires another event, a '^genetic accident, such as 
activation of a second oncogene.** Since this **second signal'* 
is apparendy a random event, it results in a monoclonal 
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Fig. 6. Southern blot analysis of DNA from two cultured cell 
lines from rabbit K47-4. (A) Probe J„. (B) Probe C^. Lanes 1 and 2, 
cell lines I and 2. respectively. GL» germ line. Sizes (kb) refer to 
non-germ-line-sized hybridizing fragments. K2. germ-line K2. 
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malignancy. In E^-myc rabbits, the consistent early appear- 
ance of malignancies and their oligoclonal nature suggest 
either that an early developmental signal is involved in B-cell 
oncogenesis or that the E^-myc transgene alone is sufficient. 
We propose that a normal developmental or growth factor 
functions in a polyclonal manner as a second signal for 
promotion of oncogenesis, resulting in malignancies that are 
oligoclonal in nature. Thus, it appears that different second 
signals are involved in oncogenesis in E^-myc rabbits and 
mice. It is likely that these different second signals are 
responsible for the phenotypic differences in the murine and 
rabbit malignancies, lyfiq>homas and leukemias, respec- 
tively. 

Although the rabbit leukemias appear to be of the B^ell 
lineage, as they had rearranged inununoglobulin heavy and k 
light chain genes, the precise stage of differentiation of these 
cells is difficult to assign. The cells express major histocom- 
patibility complex class II molecules but have tittle or no 
surface inmiunoglobuUn. Preliminary results indicate that the 
cells adapted to tissue culture secrete low levels of k light 
chain but little or no heavy chain. These cells may be similar 
to chronic lymphocytic leukemia cells that also have little or 
no surface immunoglobulin and secrete low levels of light 
chains (29). 

Southern blots of restricted DNA from the transgenic 
rabbits showed multiple rearrangements of the Jh gene 
segments, indicating that the leukemias were oligoclonal. We 
do not know, however, whether these Jh rearrangements 
represent productive or nonproductive rearrangements. The 
two cell lines in culture from rabbit K47-4 had different 
rearrangements, indicating that the cell lines were derived 
from two different clones; however, it is possible that these 
tines are progeny of the same clone since one of the re- 
arranged genes of each clone appears to be identical. The 
rearranged Jh genes in these cultured cell lines were different 
from the rearrangement seen in the DNA of PBL of thai 
rabbit. This suggests that there were Jh rearrangements in 
PBL DNA that were not detected by Southern analysis and 
that cells with these rearrangements prefmntially grew out 
in tissue culture. We cannot, however, rule out the possibitity 
that these cultured cells are derivatives of a single progeniter 
clone whose Jh rearrangement was observed in Southern 
blots of PBL DNA at necropsy and that Jh rearrangements 
took place in vitro. 

Lymphocytic tumors in laboratory rabbits have rarely been 
observed. Although several lymphosarcomas were reported 
in a particular colony of rabbits (30), only two rabbit 
lymphocytic leukemias have been reported (31, 32). The low 
incidence of rabbit lymphoid tumors explains the paucity of 
rabbit T- and B-cell lines. In fact, the only previously 
reported ndM»it B-lymphocyte tine in culture was one devel- 
oped by ColUns et al. (33). The E^-myc transgenic rabbits 
should provide a source of B-ceU Unes and these cells will 
provide the opportunity to study B-ceU differentiation and 
immunoglobulin gene rearrangements. Most importantly, 
these matignant cells can potentially be used to develop a 
fusion partner for the generation of rabbit somatic cell 
hybrids. 
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